Excess water, with consequently declined soil aeration, is one of the limiting factors in 2 tree growth in the boreal zone, especially in the peatlands that extend to about 10% of 3 the land area in the boreal region (Gorham 1995 ) (covering up to one third of Finland). 4 Soil aeration may be improved by lowering the water table by ditch-drainage, which has 5 a positive feedback on tree growth (e.g., Rothwell et al. 1996 ; Vompersky and Sirin 6 1997; Hökkä et al. 2002; Sarkkola et al. 2012 ). The decreased water conducting 7 capacity of old drainage systems and increased precipitation caused by climate change 8 may raise ground water levels, thus affecting tree growth as well as carbon pools and 9 fluxes in boreal forests. Therefore, understanding carbon assimilation in waterlogged 10 hypoxic conditions is required for accurate predictions of forest productivity and 11 greenhouse-gas balances. Currently, quantitative knowledge of the waterlogging (WL) 12 tolerance of boreal tree species is limited and does not allow generalization to different 13 forest sites or climate conditions prone to increased variability with extreme 14 precipitation events and floods, including during growing seasons (IPCC 2013). 15 Some boreal tree species appear to survive even partial inundation, but the effects of recurrent 16 rainy periods and the biotic and abiotic factors behind WL tolerance are poorly understood 17 (Glenz et al. 2006 ). The functional responses of boreal and temperate trees to WL are 18 connected to the oxygen demand versus availability in the root zone, which differ between D r a f t 4 The most sensitive phase under WL was suggested to be in the latter part of the growing 1 season (e.g. Pelkonen 1975 Pelkonen , 1979 ) when needle and root elongation and trunk diameter 2 growth is ceasing. In our recent study with quiescent Norway spruce seedlings, a slight 3 increase in fine root mortality and some alterations in needle physiology were found in short 4 periods of WL in late winter and early spring, but these changes did not have severe after-5 effects (Wang et al. 2013 ). In addition, a comparison of tolerance between silver and 6 pubescent birch showed that WL in the initial phase of growth had more negative effects than 7 at the end of dormancy, and that silver birch is more sensitive than pubescent birch (Wang et 8 al. 2015) . 9 A crucial question about tree growth under WL is: How strongly and how rapidly do 10 trees respond to an elevated water table and subsequent oxygen limitations in the root 11 zone? It has been observed that leaf gas-exchange starts to decrease in what can range 12 from hours up to a few days after the initiation of WL (Kozlowski 1997). In the short- 13 term, the decrease in gas exchange is likely to be caused by partial or complete stomatal 14 closure which is caused by a decrease in root water-uptake capacity (e.g., Dreyer et al. . However, the 16 short-term impacts have not been studied in sufficient detail in boreal tree species. In 17 addition, it is uncertain how the structural and functional acclimation and adaptation to 18 WL takes place and what the long-term impacts of hypoxic conditions on tree gas- 19 exchange and growth are, as well as on vitality and survival (Parent et al. 2008 ). 20 In Finland, Scots pine is the main tree species in drained peatland forests. Among the 21 European tree species, Scots pine is considered to have low flooding tolerance (Glenz et al. 
Material and methods

3
Experimental design 4 The Scots pine seedlings used for the experiment were raised in a tree seedling nursery Lapin Taimi, Simo, Finland, 65°67' N, 25°05' E, 30 m a.s.l.). The seeds, of local forest origin, 6 were sown in trays with a peat-sand mixture in 2006, transplanted during the cultivation In the dasotrons, the seedlings were gradually thawed and 16 of them were transplanted into 13 the large root containers (diameter 70 cm, height 45 cm) of the four dasotrons (four root 14 containers/dasotron, one seedling/container) (RTR48, Conviron, Winnipeg, Canada). At the 15 time of planting, the mean height of the seedlings was 86 ± 8cm and the mean trunk diameter 16 15.4 ± 1.2 mm at the height of 10 cm above root collar. The root containers were filled with a 17 15-cm layer of fine-textured sand at the bottom. Then a 30-cm layer of commercial peat 18 (Forest Seedling Peat B1F, NPK 12-6-22, Novarbo, Eura, Finland) was set for the growing 19 substrate where the seedling with a root ball (height 15 cm) was planted. The growing 20 medium of the surrounding peat had a lower bulk density and higher porosity than the 21 medium in the root ball (Table 1 ). Water retention was somewhat different in the surrounding 22 peat than in the root ball (Fig. 1) ; the peat had higher water retention capacity until the -1 kPa 23 matric potential but a lower retention capacity at a more negative matrix potential than the soil 24 in the root ball. D r a f t 6 After planting a 7-cm thick organic layer, taken from a drained peatland forest site classified Arcstream, Hungary).
8 Table 1 . The experimental design after planting consisted of the first growing season (GS1), dormancy 11 (D1), the second growing season (GS2) with WL treatments, the second dormancy period 12 (D2) and the post-treatment growing season (GS3) ( Table 2) . GS1 was used for establishing 13 the seedlings in the new environment. GS1 lasted for 13 weeks and it composed of two weeks 14 acclimation, eight weeks at conditions favourable for growth (a long-day and warm 15 temperature [LDWT]) followed by three weeks of a short-day and warm temperature (SDWT) 16 to initiate acclimatization to dormancy. D1, with a short-day and low temperature, lasted for 17 10 weeks and fulfilled the chilling requirement for bud dormancy release of the seedlings.
18
GS2 was initiated and proceeded as in GS1, except that the LDWT period lasted for 11 19 weeks. The conditions in the post-treatment period GS3 were as in GS2, and it was conducted 20 in order to score survival of the seedlings. In GS1 and GS2 prior to WL, the water normalization of the gas exchange measurements, the total needle surface area (A tot ) within 4 the gas exchange chamber was obtained as A tot = n·A, where n is the number of needles in the 5 measurement chamber. 6 Chlorophyll fluorescence was measured for dark-acclimated (30 min) and light-exposed gs1- The chlorophyll content index (CCI) was measured at intervals throughout the experiment (in 21 GS1, D1, GS2 and D2) for five gs1-needles of each seedling at each sampling time using 22 CCM-300 (Opti-Sciences, Hudson, NH, USA). The measurements of the gs2-needles started 23 after three weeks of WL when the needles were long enough for the measurements.
24
The water potential of gs1-needles (six needles/seedling at each sampling time) was 25 determined at intervals during GS2 prior to and after initiation of WL treatments by D r a f t means of a pressure chamber within 15 minutes of sampling (Scholander et al. 1964 The water content (WC, as %) of gs2-needles was assessed gravimetrically after three weeks 4 from the start of WL treatment in GS2 by measuring fresh mass (FM) and dry mass (DM), 5 and was calculated on a DM basis as:
The soluble sugar and starch content of the gs1-needles was determined in GS2 before, Germany) in 30% perchloric acid as a standard.
17
Statistical analysis 18 The effects of the treatments were analysed by means of a mixed linear model (procedure 19 MIXED in IBM SPSS Statistics 22.0, IBM co., New York, US). The model was: waterlogged seedlings were omitted from the data analyses due to their adverse rooting in the 6 containers and a malfunction of one dasotron prior to the treatments. 
Results
8
Environmental regimes
9
The air and soil temperatures could be kept as planned, except for a short-term increase in air 10 temperature in one of the dasotrons in D1 prior to GS2 ( The light-saturated net assimilation rate of gs1-needles decreased more strongly in WL than in 22 CTRL seedlings towards the end of GS2 (Fig. 5A) to CTRL treatment at the end of the WL (p < 0.05). In the SDWT at the end of GS2, no 11 additional effect of WL was observed in the A max of gs1-seedlings (Fig. 5A ) and the 12 difference between the treatments was retained. Some further decrease was observed in the 13 A max in the last sampling at the beginning of dormancy phase D2 when the air and soil 14 temperature had been decreased. 15 Figure 5. 16 The first symptoms of WL on the efficiency of the electron transfer system of PSII of both The CCI of gs1-needles varied between dormancy and the growth phase but no effect of WL 4 was found (Fig. 7A) . However, after completion of the WL treatment, the CCI of gs2-needles 5 was lower in WL seedlings than CTRL seedlings (p < 0.001) (Fig. 7B ). The water potential of gs1-needles was around -0.5 MPa both in CTRL and in WL seedlings 8 prior to the WL. It decreased significantly in WL seedlings (p < 0.05 after 7 days of WL) 9 (Fig. 8) . 10 The water content of gs2-needles was less in WL seedlings (187 ± 14%) than in CTRL 11 seedlings (223 ± 15%) after 3 weeks of WL (p < 0.001) (data not shown).
12
Figure 8.
13
The soluble sugar content of the gs1-needles ranged between 6 and 8% and was somewhat 14 less in the gs2-needles but there was no difference between CTRL and WL seedlings (data not 15 shown). The starch content of both gs1-and gs2-needles was higher in WL seedlings than in 16 CTRL seedlings during the WL (p < 0.05) but differences disappeared at the end of GS2 (Fig.   17 9). In our study, the timing of WL was determined according to shoot elongation and trunk 1 diameter growth, the former being completed (due to a predetermined growth pattern in Scots 2 pine) but the latter was still in progress. This suggests the deleterious effects of post-anoxic shock on roots that were probably already 8 partially acclimated to oxygen deficient conditions. This conclusion is supported by previous 9 WL studies where oxygen return was suggested to destroy cell membranes by the generation 10 of reactive oxygen species (Crawford and Braendle 1996; Crawford 2003).
11
Continuous sap-flow measurement has an advantage in that it gains accurate information of 12 the dynamics and temporal patterns of transpiration. However, sap flow is an integrated 13 measure of whole-plant transpiration rate and does not allow the consideration of specific 14 changes, for example, changes due to different age categories of needles. These were assessed 15 through less frequent measurements of needle gas-exchange in our study, and the 16 measurements showed that the old and new needles responded differently to WL. In old 17 needles, the transpiration rate and stomatal conductance decreased more strongly in WL than 18 in CTRL treatment, but the difference was not statistically significant before the drainage and 19 return to normoxic conditions. In the new needles, the transpiration rate and stomatal 20 conductance of WL seedlings decreased almost to half of the control during the WL treatment 21 however. 22 The water potential in the old needles of WL seedlings was decreased already at the first were not significantly reduced at this stage, the slight decrease in needle water potential (from D r a f t -0.5 MPa to -0.7 MPa) may imply a decrease in the bulk conductance in the soil-root-shoot 1 hydraulic system. While our data do not allow disentangling the specific component of the 2 hydraulic system affected, it is presumable that the decrease in total conductance is mainly 3 related to a decrease in root hydraulic conductance as a response to anoxic conditions (e.g. Net assimilation rate and chlorophyll fluorescence 13 The WL response of A max in old needles was initially slow but became clear both in old and 14 new needles after three weeks of WL. Previously, photosynthesis has been suggested to 15 reflect sensitively the WL stress in trees, the rate of response depending on species, plant age, 16 exposure time and the severity of root zone anoxia/hypoxia (Kozlowski 1997 A max was still 70% of the control after 60 days of WL (Pezeshki 1992 et al. 1991), we found no signs of long-term acclimation to root-zone hypoxia in Scots pine.
5
The potential efficiency of the electron transfer rate of PSII (F v /F m ) has been used to study the seedlings seemed to increase after WL but, for unknown reasons, the difference between the 10 treatments disappeared by the end of the short-day phase.
11
Our gas-exchange and fluorescence data suggest that there were non-stomatal limitations for 12 the reduced net assimilation capacity during WL. However, the specific mechanisms cannot reduced A max in the new needles could be explained by the increased respiration rate (Fig. 5) . 19 The reduced A max in WL seedlings may also be because of sink limitation and reduced rate and vitality of Scots pine is strongly reduced in extensively moist conditions. In our 12 controlled laboratory experiment, strong impacts of WL on the physiology of Scots pine were 13 found during five weeks of the growing season. Two of the seedlings even tolerated five 14 weeks anoxia in their root zone. We adjusted the initiation of WL to the phase when shoot 15 elongation had ended but trunk diameter growth was still in progress. We may assume that 16 roots were growing extensively in that phase too (Lyr and Hofman 1967) . However, it 17 remained unknown how rapidly the WL tolerance decreases in the beginning of the growing 18 season and when the most sensitive phase is. These are key questions to be answered when 19 considering the management of the water table in peatland forests. Even though the situation 20 in the field is different than in our experiment, we may conclude that the maintenance of good 21 forest productivity on peatlands requires a low enough water table, especially in order to meet indicate the start of different phases of the experiment (see Table 2 ). Table 2 ). flow by treatments (n = 7 for CTRL and n = 6 for WL). Table 2 ).
3
Bars indicate standard errors (n = 7 for CTRL and n = 6 for WL). Table 2 ). Bars indicate standard errors (n = 7 for CTRL and 12 n = 6 for WL). Table 2 ). Bars indicate 18 standard errors (n = 7 for CTRL and n = 6 for WL). Table 2 ). Bars Table 2 ). Bars indicate 3 standard errors (n = 7 for CTRL and n = 6 for WL).
D r a f t Table 2 ). 170x153mm (300 x 300 DPI) D r a f t Figure 3 . The timing of waterlogging (vertical lines) with the shoot elongation and trunk diameter growth of Scots pine seedlings. CTRL stands for control seedlings (n = 7) and WL for waterlogging seedlings (n = 6). The time of 0 days indicates the start of the second growing season (GS2) in the dasotrons. The dots in the upper part indicate the start of different phases of the experiment (see Table 2 ). 91x95mm (300 x 300 DPI) D r a f t Table 2 ). Bars indicate standard errors (n = 7 for CTRL and n = 6 for WL). 248x317mm (300 x 300 DPI) D r a f t Table 2 ). Bars indicate standard errors (n = 7 for CTRL and n = 6 for WL). 241x317mm (300 x 300 DPI) D r a f t Table 2 ). Bars indicate standard errors (n = 7 for CTRL and n = 6 for WL). 73x28mm (300 x 300 DPI) D r a f t Figure 8 . The water potential of the old needles of Scots pine seedlings waterlogged in the second growing season (GS2) in the dasotrons. CTRL is for control seedlings and WL for waterlogging seedlings. Time indicates days from the start of GS2, the dots in the upper part the start of different phases of the experiment and the vertical lines WL (see Table 2 ). Bars indicate standard errors (n = 7 for CTRL and n = 6 for WL). 105x66mm (300 x 300 DPI) D r a f t Table 2 ). Bars indicate standard errors (n = 7 for CTRL and n = 6 for WL). 73x28mm (300 x 300 DPI)
